Clickers can promote fact retention but impede conceptual understanding: The effect of the interaction between clicker use and pedagogy on learning 
Introduction
Personal response systems have received a great deal of attention in the popular media and educational research communities. Most commonly called clickers, these devices allow students to send responses to questions posed by the instructor either through a wireless device or a smart phone application. The questions are typically projected to the class on a screen and a receiver collects responses. The instructor is able to project class responses in a graph within seconds. Such systems are widely available on the commercial market and are in widespread use by millions of students, across hundreds of secondary schools, colleges and universities nationwide and internationally. Given the ubiquitous use of the technology, it is important to fully understand its effect on learning, the conditions in which it is beneficial, and best practices for instructors using different pedagogical styles.
Investigations into the educational benefits of clickers have shown that they are effective for imparting factual information during large lecture classes (Lin, Liu, & Chu, 2011; Mayer, Stull, et al., 2009; Shapiro & Gordon, 2012 . While there are reports of clickers being used in classrooms where conceptual learning has improved, these studies typically have used clickers as one of several interventions, such as submitting answers to questions about pre-class readings and small group problem solving workshops (Crouch & Mazur, 2001; Mazur, 2009 ). Thus, little work has been done to isolate the effect of clickers on conceptual understanding in courses that do not also provide other scaffolds for deep learning. To address this gap, the present study isolated the effect of clickers to the extent possible in live classrooms that used differing pedagogical approaches. The aim was to determine whether clicker-enhanced fact retention and conceptual understanding advantages pedagogical approach used by the instructor, assignments or activities required outside of class meetings, and the instructor's learning goals for students.
A very useful bibliography of clicker studies is maintained by Derek Bruff at Vanderbilt University ("Classroom Response System ("Clickers") Bibliography," 2016). The database provides citations for clicker studies in the humanities, social sciences, natural sciences and engineering. Based on our reading of the literature, there do not appear to be clear, systematic differences in clicker effects between disciplines. We suspect the pedagogy employed within a course, regardless of domain, is likely to be more relevant to clicker effects than the domain. The role of other pedagogical practices employed in the classroom is seldom addressed or introduced as a variable in clicker studies, however, in spite of the fact that practices can vary widely. Some instructors take a "traditional," didactic approach to teaching. This approach reflects a "bottom-up" philosophy of learning, which builds toward conceptual understanding and problem solving only after the learner has acquired a foundation of knowledge (e.g., Bloom's Taxonomy; see Hill & McGraw, 1981; and Krathwohl, 2002) . Others take a more constructivist approach. In these classrooms, the amount of didactic lecture varies, but students are required to spend considerable effort either inside or outside of class solving novel problems that require application and expansion of existing knowledge and/or skills (Barrows, 1996; Blumenfeld et al., 1991; English & Kitsantas, 2013; Gormally, Brickman, Hallar, & Armstrong, 2009; Jonassen & Hung, 2008; Linn, Songer, & Eylon, 1996; Savery, 2006; Schmidt, Loyens, van Gog, & Paas, 2007; Strobel & van Barneveld, 2009; Wirkala & Kuhn, 2011) . Using this approach, information can be acquired through lecture and readings, but much of students' deeper understanding is acquired as students engage with the material by solving novel problems, doing experiments, or working on projects (Eysink et al., 2009) .
In recent years, college educators have increasingly begun to consider or implement more interactive forms of instruction (Lambert, 2012; Rimer, 2009) . As more educators seek to move away from the traditional lecture-based model, the question of classroom context as a variable in studies of learning has become increasingly important. From the standpoint of application and practice, it is important to determine whether the effect of clickers on fact retention and conceptual understanding differs between classrooms adopting a didactic as opposed to an active learning approach.
A small number of researchers have noted the importance of context to their reported results. Mazur (2009) , in particular, has written about the prevalence of pedagogical practices apart from clicker use in his courses. Nonetheless, it is often overlooked that his method relies very little on clickers per se. As Mazur explains, "I often meet people who tell me they have implemented this "clicker method" in their classes, viewing my approach as simply a technological innovation. However, it is not the technology but the pedagogy that matters (2009, p. 51) ." Students in Mazur's physics courses were required to do readings designed as pre-lecture material and to answer questions about those readings before arriving in class. In addition, they spent entire classes, called 'workshops', watching the instructor work through a problem, then working on multiple problems in small groups with the instructor merely circulating and offering support. There were also additional homework assignments, in which more problems were assigned. Thus, students were problem-solving or otherwise actively engaged with the material, either with the instructor or one another, most of the time. Even when reading, the assignment was designed to be active, as the students were required to submit answers to questions before coming to class. Clickers were used during lecture time (which was much reduced as compared to the traditional lecture-based classroom), and combined with peer interaction, to give students opportunity to engage with the material offered in lecture, and to practice problem solving. Mazur's use of such approaches to promote deep learning and critical thinking is in step with a rich literature on problembased inquiry and critical thinking skill development (see reviews by Abrami et al., 2015; Wilder, 2015) . Levesque (2011) has also noted the importance of activities outside of clicker use per se, on students' ultimate success. She points specifically to the value of students completing assigned homework problems. In reflecting on the correlation she found between in-class clicker use and exam performance, she suggested that clicker use might be effective, in part, because "the involvement of students in solving problems during class increased the likelihood that they would attempt to complete practice problems outside of class. In this scenario, by being involved in problem solving in class, a student would gain the confidence to attempt problems independently outside of class, which would be reflected in exam performance (p. 416)." Levesque asserts, then, that the clicker questions themselves did not directly affect performance. Rather, she suggests they gave students courage to tackle more of the practice problems outside of class, and that the heavy practice outside of class was a likely source of benefit for her students.
The relationship between the effect of clickers and student variables
Clicker use may be differentially effective for different kinds of students. Clickers may not particularly help students who possess attitudes and skills that effectively promote learning. Because those students will tend to engage in activities that lead to deep understanding and retention of material, it is likely they will do equally well with or without clickers. Contrarily, we would expect students who had attitudes and learning habits that are less effective for learning to be helped by clickers.
Among potential positive attitudes and skills that may affect clicker-assisted learning, we chose three that have been well documented. Prior knowledge is one such predictor of positive learning outcomes, most likely because a foundation of existing knowledge provides a foundation and scaffold upon which to build new knowledge (e.g., Kalyuga, 2012; Shapiro, 1999; Williams & Lombrozo, 2013) . Second, various measures of self-regulated learning and metacognition have been shown to be associated with positive learning outcomes (e.g., Azevedo, 2005 Azevedo, , 2015 Greene, 2015; Pintrich & Schrauben, 1992, pp. 149e183) . Third, deep learning strategies, one of the subscales of the Revised Study Process Questionnaire (SPQ, Biggs, Kember, & Leung, 2001 ), has been found to be positively associated with academic achievement (c.f. meta-analysis by Watkins, 2001 ).
It was chosen as a variable of interested here because the relationship between deep learning strategies and academic achievement is affected by achievement-related classroom behaviors (Choy, O'Grady, & Rotgans, 2012) , and has been found to change as a function of educational innovations (Kember, Charlesworth, Davies, McKay, & Stott, 1997) . While deep and shallow learning strategies have shown to be separate measures, rather than opposite extremes on a single scale, shallow learning also has been shown to be related to achievement. Specifically, the second subscale of the SPQ, shallow learning, has been found to be negatively related to academic achievement (Watkins, 2001 ).
Experiment 1
The experiment was designed to test the effect of clickers on comprehension and learning of in-class material in a course using traditional, lecture-based pedagogy. It was designed to evaluate memory for rote, factual material as well as comprehension and retention of deeper, more conceptual learning. We make three hypotheses based on the existing clickerassisted learning literature. First, we expect to replicate prior work that has demonstrated factual and conceptual clicker questions will boost performance on factual exam questions, both because the introduction of these questions in class affect the time spent working with the material and invokes the testing effect. Second, we predict conceptual clicker questions will boost conceptual exam question performance, because it will increase time spent with the material. Constructivist theory also predicts such an effect, as the questions provide practice thinking creatively about the material, thus deepening understanding. Third, we predict student variables such as prior knowledge and students' approach to learning will mediate the effect of clicker questions on learning outcomes.
The research was conducted in a live classroom in order to maximize the ecological validity of the findings. The work was conducted in an introductory course in biology. All lectures were accompanied by PowerPoint presentations that projected main points and illustrations onto a large screen. In-class clicker questions were integrated into the PowerPoint presentations, with individual slides dedicated to single questions. Students were required to purchase their clickers for each class. The experiment included four treatment conditions (factual clicker, conceptual clicker, enhanced control and simple control) in a repeated measures design. Performance on targeted exam questions was used as the dependent variable, with performance on both factual and conceptual exam items assessed in all conditions. Factual exam questions probed knowledge of basic facts (such as a definition, research finding, or formula) presented in class, while conceptual questions required students to go beyond rote memory and make connections between the underlying concept and other material in the course, or apply the concept to a problem or real-life scenarios. Participants were all undergraduate students at a university in the Northeast United States, enrolled in Introduction to Biology (an introduction to cells, genetics and evolution). A total of 858 students were enrolled (54% female) across semesters, and had a mean grade point average (GPA) of 3.05/4.0. The average age was 19.03 years. Students were biology nonmajors taking the course to fill a distribution requirement, and were primarily in their first year. The participants largely reflected the population of the campus, which is 86% Caucasian, 5% African American and 3% Hispanic.
The experiment ran over four consecutive semesters beginning in fall 2010, with minor variation in enrollments in each semester. The experiment received IRB approval each year of the study as an exempt project. Students were informed about the research activity in their classes through an IRB-approved consent statement in the syllabus, and they were able to decline participation with no penalty. A small amount of extra credit was offered in each course for completing a survey about learning habits and behaviors, and students were offered the opportunity to earn the extra credit through an alternative assignment should they choose to opt out of the study. No students declined participation.
The instructor had 11 years of university teaching experience at the start of the project and received excellent evaluations by his department and students in prior semesters. He had been using clickers in his classroom for several years prior to the study.
Experimental conditions and design
Four conditions were developed to test the study's hypotheses. Two of the conditions directly tested clicker effects, as they involved presenting students with clicker questions designed to probe information needed to answer specific exam questions. The other two conditions were controls. The simple control was a simple "do nothing" control condition, while the enhanced control condition directed students' attention to the importance of the relevant material while refraining from offering clicker questions. The enhanced control condition was included to test the hypothesis that clicker questions raise test scores by drawing students' attention to information more likely to appear on exams, thus increasing study of the relevant material. The four conditions were as follows: 3.1.2.1. Factual clicker. The factual clicker condition was included as a direct test of the effect of factual clicker questions on memory and understanding of class material. A PowerPoint slide containing a factual question about a lecture topic was presented after the instructor conveyed the information and any student questions were asked and answered. Factual questions required students to demonstrate memory for definitions, formulas, concepts or other facts presented in class. Factual questions required no more than rote memorization of a definition, fact or formula to answer. If a question required merely that numbers be applied to a formula, it was considered factual.
3.1.2.2. Conceptual clicker. The conceptual clicker condition was included as a direct test of the effect of conceptual clicker questions on memory and understanding of class material. A PowerPoint slide containing a conceptual question about a lecture topic was presented after the instructor has conveyed the information and any student questions were asked and answered. Conceptual questions were designed to test deeper understanding of the material, such as the relationship between the underlying concept and other material in the course or the application of the information to a problem or real-life scenarios. They often rely on a student's ability to use factual knowledge (e.g., definitions, facts or formulas) to address a novel situation or problem, thus demonstrating some depth to students' understanding of the meaning or broader impact of a course topic. In other words, understanding beyond rote memorization of material from the book or class lecture should be necessary to answer these questions.
3.1.2.3. Enhanced control. The enhanced control condition is one of two control conditions included in the study. It was intended to illuminate whether factual clicker questions directly affect what students learn in class or if clicker effects may be attributed at least in part to some class information being highlighted more than others. When the information necessary to answer an exam question was targeted as a "flagged" or enhanced item, it was presented in class and highlighted on the projected slide. This was done by using the instructor's remote to change the font color (usually to red or bright yellow) and pulse the text. In addition, the instructor announced, "This information is very important. It is likely to be on your test." Flags were variably offered before, during or after the presentation of the relevant information. Comparing performance on items when they were used in the enhanced control condition with performance when they are used in the factual clicker and simple control conditions tested whether factual clicker questions provide greater benefit than directing students to important information, and promoting additional study.
Simple control.
The simple control condition provided a baseline measure of student performance when no intervention was offered. When an item was included in this condition the information was discussed or presented in class just as it was when the item is included in the clicker conditions, except that no clicker question relevant to that information was offered in class. No special emphasis was put on material when included in the simple control condition. Comparing performance on items when they were used in the simple control condition with performance when they are used in the factual and conceptual clicker conditions provided a direct test of the effect of clickers in the classroom.
The dependent variable was performance on conceptual and factual exam questions. There were roughly equal numbers of each type of exam question embedded within each exam. Factual exam questions were written to require students to demonstrate they knew the rote, factual information presented in class. These included definitions, theories, formulas and other basic concepts. Conceptual exam questions were designed to test deeper understanding of the material, such as the relationship between the underlying concept and other material in the course or the application of the information to a problem or real-life scenario.
Each exam question was assigned to a different experimental condition in each of the four semesters of the study, creating a repeated measures design. This procedure allowed performance on each experimental exam question to be compared when targeted by a different treatment. Otherwise put, this design allowed the effects of the four conditions to be compared without the confounding variable of item differences affecting the results. The use of items from each of the four conditions rotating between semesters also allowed subjects to participate in all four conditions of the study. This element of the experimental design created a within-subject design that also removed the potential confounding variable of subject differences between conditions. To clarify the experimental design, a hypothetical illustration of item assignment in a course is provided in Table 1 .
Items were counterbalanced among conditions within each semester to equalize the distribution of factual and conceptual items sets across the semester to the extent possible. The number of items in each condition was also balanced to the extent possible for each exam. There were three exams given in each course every semester. To achieve equal distribution of factual and conceptual item sets in each condition per semester, and the number of item sets per condition on each exam, the questions were first segmented into groups by the exams in which they would be tested. They were then separated by whether they were factual or conceptual exam questions so that a fairly even number of these could be distributed across experimental conditions within each exam. Assignment to each condition was then assigned to "blocks" A, B, C, or D in roundrobin style, in the order the topics would appear in the class. This was done to counterbalance the temporal presentation of the information. In other words, items covered early versus late in each exam unit were spread evenly across conditions.
As part of the item set validation procedure (to be discussed in section 2.1.3.2), content experts were asked to rate how strongly material in one item set related to the others. These ratings were obtained to allow control of possible "spillover effects" between item sets and prevent cross contamination between conditions. That is, it was important to prevent clicker questions for one item set from affecting performance on exam questions assigned to a different experimental condition. For this reason, the counterbalancing procedure described here was modified for items that did not receive very low ratings (3 or lower on a 7-point scale) for possible spillover effects. In those cases, items were grouped together into the same condition to keep effects of each treatment isolated from the others. In this way any spillover from a clicker question to an unintended exam question was retained within a condition rather than contaminating another condition. Many of the items in the physics class were grouped by content as a result of this procedure.
3.1.3. Materials and equipment 3.1.3.1. Hardware. The instructor used the Interwrite PRS system, produced by the eInstruction Company. The student remote had 5 response buttons labeled A-F plus ten numeric response buttons. It also had an LED display that displayed a message to inform students their response has been recorded, as well as an on-off button. The system required the instructor to attach a receiver to his computer that recorded responses and stored them in data files.
3.1.3.2. Item set development and validation. Development and validation of item sets (sets of clicker questions, accompanying lecture slides, and paired exam questions) followed a highly structured process. A sample item set from the course is provided in Fig. 1 .
To establish validity of the experimental materials, a detailed validation procedure was developed and carried out prior to beginning of the experiment, in which two faculty members from the Biology Department were recruited as content experts to assess the materials in their respective fields. Interrater reliability was attained to assure that the factual questions were factual and the conceptual questions were conceptual. They also noted and helped correct any ambiguities or problems with each question. To rule out the possibility that clicker questions affected performance on exam questions they were not intended to target ('spillover' effects), raters were also asked to determine the degree of relationship between each of the exam and clicker questions, and the critical information targeted by each. Finally, the validation procedure also established the quality of the critical slides and the relationships between the critical slides and the exam and clicker questions.
We considered an item acceptable if it met a set of predetermined ratings criteria. A question was considered acceptable for use in the course if (a) the mean rating among raters was 5 on the factual/conceptual scale, (b) each rater gave a rating between moderate and high (4e7), (c) the difference between rater judgments was 2 or less (the mean difference was 0.3), (d) the item was rated a mean between 4 (good) and 7 (excellent) for overall quality, and (e) if the mean relationship rating between the question and the target information was between 5 and 7. Questions that did not meet these criteria were revised by the instructor and sent back to the raters for re-scoring. Items that failed to meet the criteria after 3 rounds of this iterative process were excluded from the study. The majority met standards after 2 rounds. The mean difference between the judges' factual and conceptual ratings was less than 0.5.
3.1.3.3. Student learning survey. To gain information about participants' demographic information and approaches to studying and learning that might act as mediating variables, we generated a Student Learning Survey. The first page asked information about students' age, year in school, gender, GPA and familiarity with course content prior to taking the course.
These items were followed by Biggs et al. (2001) R-SPQ-2F questionnaire; twenty questions about learning motives and strategies. This instrument is a shortened version of the validated Study Process Questionnaire (SPQ; Biggs, 1987) . The aim of the R-SPQ-2F questionnaire is to evaluate four specific dimensions of student learning: Deep Motive (DM), Deep Strategy (DS), Surface Motive (SM) and Surface Strategy (SS). Students assessed as having deep motives can be characterized as being motivated to learn and understand content. Those with deep strategies use learning strategies that are directed at achieving understanding and mastery of the material, such as formulating questions prior to class, resolving areas of misunderstanding after class, re-writing notes, and so forth. Students who are focused on surface learning are more motivated to score well on exams and assignments rather than arriving at a deep understanding of the material. The efforts of surface strategy learners are generally spent engaged in activities such as memorizing definitions and doing as little work as possible to get a good grade. The Cronbach alpha values for each subscale of the R-SPQ-2F are as follows: DM (0.62); DS (0.63); SM (0.72); and SS (0.57). In administering the questionnaire, we did rearrange the order of the questions. The original order had the items arranged in a pattern, with items from each subscale presented in every fourth position. To avoid response bias that may stem from students unconsciously detecting the pattern, we re-arranged the order of the items so that they were presented in a random order.
Next we included two subscales from the MSLQ (Garcia & Pintrich, 1996; Pintrich, Smith, Garcia, & Mckeachie, 1993) , to determine whether students were active or passive learners. The rehearsal subscale determines whether students engage in active strategies aimed at memorization or other surface learning. The organization subscale measures whether students engage in active strategies designed to arrive at a deeper understanding of the material. Garcia and Pintrich (1996) report Crohnbach alpha scores of 0.69 and 0.64 for the rehearsal and organization subscales. Because students often mistake familiarity for knowing or overestimate their level of understanding (Koriat & Bjork, 2005; Kornell & Bjork, 2009; Metcalfe, 1998) , we also included a measure of metacognitive self-regulation. We thought this was important because learning effects of clicker questions may stem from the information they provide students about what they don't know or understand about the material. Students who have low self-knowledge may benefit from exposure to evidence about their knowledge level, as provided by clicker questions and their subsequent feedback. Four items from Pintrich's (Garcia & Pintrich, 1996) MSLQ metacognition subscale and four items from Schraw and Dennison's (1994) Metacognitive Awareness Inventory (MAI) were combined to comprise a new measure of self-knowledge. The MSLQ metacognitive selfregulation subscale is a validated scale of metacognition (Cronbach's alpha ¼ 0.79). The items directed at assessing selfknowledge specifically were used for the present study.
Fidelity to the intervention
Several precautions were taken to ensure the instructor was faithful to the study's design and remembered to incorporate the targeted materials in the correct conditions each semester. First, the instructor was provided a packet of item fidelity forms at the beginning of each semester, which was used to log the date and condition of each item set during the semester, and the placement of the test questions on the exams. In addition to the instructor retaining records of the intervention in his course, the experimenter and assistants conducted regular fidelity visits during each semester. The class was visited at least once every 2 weeks during the semester to monitor class content for fidelity to the intervention.
Procedure
The instructor created elaborate PowerPoint presentations that offered definitions, bullet points, illustrations, and so forth to augment the verbal content of his lectures. When an item was assigned to the factual or conceptual clicker conditions, the basic critical slide for that information was shown, embedded in the other slides for that day's lecture. At the appropriate time, the targeted clicker question (factual or conceptual) was presented during class for that item. When assigned to the simple control condition, the basic information slide for a targeted item was shown in class in an identical way as the clicker conditions but no clicker questions were presented on that topic. For the enhanced control condition, the enhanced slide was shown in place of the standard slide. In addition, the instructor verbally told the students that the information was very important and would be on the next test. No clicker questions were asked about that information in class. Table 2 summarizes the classroom treatment in each condition.
From the students' point of view, they attended class each day and were required to bring their clickers with them. At unpredictable points during class, the professor would pose a clicker question. Some of the questions were factual and some were conceptual, though the professor did not distinguish between those explicitly. Students were required to answer, the class polling results were presented in the form of a bar graph and the correct answer was eventually revealed. Clicker questions that were related to the study were not distinguished from any others that were not related to the study (though they were all carefully tested beforehand for cross-contamination by the instructors and content experts). Some days no clicker questions were asked and on other days there were multiple questions.
The typical presentation of experimental clicker items occurred after a concept was presented and the instructor invited questions. After all clarifications were made, the clicker question was presented. A bar graph showing the percent of students responding with each choice was then projected for all to see. The correct answer was indicated by the instructor and the reason for the correct answer was discussed if there was any dispute or if the class did not score well as a group (over 90%).
The experimental exam questions were spread roughly evenly across exams during the semester in each course. They were also placed randomly within the exams, and were not identifiable as targeted items to students. The demographic and learning surveys were given after the first exam but before the second so that students would be able to provide accurate information on their study strategies.
Results and discussion
The data were edited to reduce error in the analysis. Students who answered fewer than 75% of the in-class clicker questions were removed from all conditions of the analysis, as they were not sufficiently exposed to the treatment conditions to be part of the study. Also, students who did not attend at least two exams were not included in the analysis, as they did not provide sufficient data for the within-subject analysis. T-tests between included and excluded subjects in both courses revealed no significant differences in student age, year in college, GPA or prior knowledge between groups (p > 0.05 in all cases).
Our first analysis tests hypothesis 1, that both types of clicker questions will boost factual knowledge retention. A repeated measures ANOVA (with Greenhouse-Geisser correction) showed a significant effect of treatment condition on the factual exam questions, F(2.9, 1272.1) ¼ 26.1, p < 0.001, h p 2 ¼ 0.06. Thus, there was an effect of the experimental conditions on factual exam performance. The means (and standard deviations) for each condition are provided in Table 3 .
A series of paired t-tests revealed the source of differences between conditions on factual exam question performance. The results of the t-tests are presented in Table 4 , which shows that factual clicker questions (mean ¼ 76.8), conceptual clicker questions (mean ¼ 69.8) and the enhanced control condition (mean ¼ 78.4) were effective means of boosting retention for factual material over the control group (mean ¼ 64.9). The differences between the factual and conceptual clicker conditions, and between conceptual and enhanced control conditions were significant. The difference between the factual clicker and enhanced control conditions was not significant.
Hypothesis 2 predicted that conceptual clicker questions will boost conceptual exam performance. A repeated measures ANOVA (with Greenhouse-Geisser correction) showed a significant effect of treatment condition on the conceptual exam questions, F(2.89, 1230.9) ¼ 6.9, p < 0.001, h p 2 ¼ 0.02. Despite the significant result, none of the conditions improved performance over the simple control condition. As shown in Table 4 , the significant finding was due to superior performance in the enhanced control condition (mean ¼ 69.9), where students performed better than in the conceptual clicker (mean ¼ 62.4) and factual clicker (mean ¼ 62.3) conditions. None of these conditions boosted performance over the simple control condition, which fails to support our prediction of improved performance on conceptual exam questions in the clicker conditions. To explore our third hypothesis, that subject variables will be a factor in learning outcomes, we conducted a series of secondary analyses to determine the interaction between subject variables and the independent variables. To conduct these analyses, we divided the subjects at the median score for each subject variable into 'high' and 'low' groups, and treated each subject variable as a 2-level independent variable, to conduct a series of 2 (subject variable: high, low) X 4 (experimental condition: factual clicker, conceptual clicker, enhanced control, simple control) ANOVAs). There was an interaction with deep learning strategies and motivation. As Fig. 2 shows, in the simple control, deep learners performed better than non-deep learners, as the literature on self-regulated learning suggests they tend to do (Azevedo, 2005; . The deep learning advantage is not present in the other conditions, however. The clicker and enhanced control conditions facilitated the non- deep learners. Indeed, when in those conditions the non-deep learners' performance was raised to the level of deep learners, as the difference between the groups was reduced to non-significant levels. This result suggests that clicker questions and the added attention promoted by the enhanced control condition boosted performance for students who do not use deep strategies to the level of their deep-strategy peers. Analyses of the other student variables showed no significant interactions between the experimental conditions and students' metacognitive self-regulation, active learning, shallow learning strategies and motivation, GPA or prior knowledge, p > 0.05 in all cases. In sum, the results support our first hypothesis and replicate prior studies that report factual and conceptual clicker questions increase factual knowledge retention over a simple control condition. Our second hypothesis, that conceptual clicker questions will enhance conceptual exam question performance, was not supported. Our third hypothesis, that student variables would mediate clicker effects, was partially supported by the analysis of deep learning strategies. Specifically, we found that clicker questions brought overall exam performance of students who do not employ deep learning strategies to the level of their deep strategy-using peers. Thus, we have shown that clicker questions have differential effects depending on students' learning orientation.
Experiment 2
Experiment 1 replicated much of the prior work on classroom clickers, and provided confirmation of two of our hypotheses in a didactic course. In experiment 2, we were interested in the effect of clicker use in courses that use a different pedagogical orientation, to determine if the same results could be replicated in a less didactic course. Thus, we apply here the same test of clicker effects to a course taught by an instructor who used a problem-oriented pedagogy. We predicted that clicker questions would produce a main effect on factual exam questions, as the testing effect should still apply in this case. We did not predict a main effect of clicker questions on conceptual exam questions. We reasoned that the amount of additional time spent with the material via the clicker questions should be too small in relation to their other active learning activities to have a measurable effect. We did predict, however, that stronger, more knowledgeable students would score differently from their less prepared counterparts, in response to the clicker intervention.
The experimental design, material development process, validation and fidelity procedures, student surveys, and experimental procedures were generally the same as experiment 1. Any alterations are explained in the following section.
Method

Participants and the course
Participants were all undergraduate students a university in the Northeast United States. Each student was enrolled in Classical Physics I (an introduction to forces, kinematics, energy and momentum) to fill a major requirement and was in the first or second year. A total of 299 students were enrolled (23% female) across semesters, with a mean GPA of 2.93/4.0. The average age was 20.12 years. The participants largely reflected the population of the campus, which is 86% Caucasian, 5% African American and 3% Hispanic. The instructor had 10 years of university teaching experience at the start of the project and received excellent evaluations by his departments and students in prior semesters. He had been using clickers in their classrooms for several years prior to the study.
Materials and equipment
4.1.2.1. Hardware. The instructor adopted the ResponseCard RF system produced by Turning Technologies. This remote came equipped with 10 buttons that could be used interchangeably for alphabetic (A-J) or numeric (0e9) input. The system required the instructor to attach a receiver to his computers that recorded responses and stored them in data files. 4.1.2.2. Item set development and validation. Development and validation of item sets followed the same general procedure as in experiment 1. The process garnered a total 38 item sets, and all were used in the study, with one alteration. Although the problem set items in experiment 2 met the same evaluation criteria as the experiment 1 items for overall quality and the relationship between the questions and target information, the physics experts had more difficulty agreeing about the factual and conceptual designation of each item. For this reason, we brought in a fourth rater and obtained agreement by at least 3 of 4 physicists (three raters and the instructor) for each item used in the experiment. The raters' initial disagreement and its resolution is described in Appendix A. A sample item set is provided in Fig. 1. 
Procedure
The in-class procedure for displaying clicker questions was the same as in experiment 1, with one alteration. In the problem-oriented course, the correct answer was not offered right after voting. After projecting the class voting results, the instructor had the students discuss the question as a group and then answer a second time. After the second voting results were projected, he followed the same procedure as in the didactic course.
Results and discussion
Contrary to hypothesis 1, a repeated measures ANOVA in the physics course showed no significant effect of treatment conditions on the factual exam questions, F(3, 399) ¼ 1.6, p > 0.05. The means (and standard deviations) for each condition are provided in Table 3 . This result contrasts starkly with experiment 1's results, as well as the bulk of previously reported results of clicker effects. The bulk of prior work, however, was conducted in lecture-based, didactic classrooms and laboratories.
We also hypothesized that clicker questions would not boost performance on the conceptual exam questions. While this hypotheses was supported, an ANOVA (with a Greenhouse-Geisser correction) revealed a significant effect on conceptual exam performance, F(2.5, 337.2) ¼ 10.3, p < 0.01, h p 2 ¼ 0.07. A series of paired t-tests, summarized in Table 4 , revealed that conceptual clicker questions did not boost performance on conceptual exam questions. We propose the students were learning more from the weekly problem sets and laboratory inquiries than they were from the conceptual clicker intervention, as predicted. An unexpected finding was that factual clicker questions actually impeded performance, as did the enhanced control condition. It appears that focusing students' attention on the surface level of the information in the factual clicker condition drew students' attention from the underlying, more conceptual aspect of the material. The enhanced control condition had the same effect, as the attention flags drew attention to factual content rather than conceptual meaning.
Our final analysis, performed to test hypothesis 3 that student variables will affect learning outcomes, supports that interpretations. Specifically, the analysis revealed a significant 3-way interaction between clicker condition, test type and prior knowledge, F(2.1, 271.6) ¼ 4.7, p < 0.01. As Fig. 3 shows, students who reported low prior knowledge of the course material (i.e., true beginners) performed much worse on the conceptual exam questions when in the factual clicker or enhanced control conditions. It appears, then, that the effect of those conditions on conceptual exam performance stems largely from the low prior knowledge group. For these students, focusing their attention on the surface content of course material may divert them from the deeper, more conceptual aspects of the content. Students who had some base knowledge of the content had sufficient understanding to better move beyond rote memorization. Analyses of the other student variables showed no significant interactions between the experimental conditions and students' metacognitive self-regulation, active learning, shallow or deep learning motives and strategies, or GPA, p > 0.05 in all cases.
Conclusions
Our hypotheses were partially supported by the findings. We predicted that factual and conceptual clicker questions would boost performance on factual exam questions in both courses. This hypothesis was supported in the lecture-based course in experiment 1. Neither type of clicker quested improved factual exam question performance in the problemoriented course in experiment 2, however. We also predicted that conceptual clicker questions would boost conceptual exam performance in the didactic course. This hypothesis was not supported. We predicted that clickers would be ineffective Fig. 3 . Mean performance on the factual and conceptual exam questions by students in experiment 2, with high versus low prior knowledge in each of the four experimental conditions. in the problem-oriented course, and this result was evident in the analysis. Whereas conceptual clicker questions did not improve conceptual exam performance, factual clicker questions and the enhanced control condition actually reduced performance on that measure. Finally, we predicted that subject variables would mediate clicker effects and they did. Students who were not deep learners in the didactic course performed at a level comparable to the deep learners on both types of exam questions when exposed to the clicker conditions, and worse than deep learners when in the simple control condition. Thus, clicker questions boosted students lacking deep motivation and strategies to the level of their deep motive and deep strategy peers. Also, students in the problem-oriented course with little or no prior knowledge of the material suffered more from the negative effects of the factual clicker questions and enhanced control condition on the conceptual exam questions. Prior knowledge may have served as a protective factor, preventing students from becoming diverted by the surface features of the information at the expense of developing more conceptual understanding.
We began this investigation with the goal of better understanding the conditions in which clicker use may augment learning in college courses. While many published reports indicate the technology can substantially benefit learners, we found that clicker effects are somewhat more complicated than previously reported. The technology's use appears to interact strongly with overall pedagogy, resulting in different outcomes for students enrolled in large, lecture-based courses, than for those in smaller, problem-oriented courses. Specifically, the data suggest clicker questions are effective for promoting factual learning in lecture-based, didactic courses but are not particularly effective for imparting conceptual understanding in such courses. We propose the number of conceptual clicker questions offered during class created insufficient activity to support this kind of learning in our study, and that improvement to conceptual understanding in lecture-based courses is unlikely to be seen through the adoption of clickers alone. Nor do conceptual clicker questions appear to add measurable value to courses that emphasize conceptual understanding through other activities. This finding supports Mazur's (2009) insistence that the learning enhancements he reports in his courses are not due to mere technological innovation, but to the additive effects of multiple strategies for involving students in a meaningful way with the course material. As he has stated, "it is not the technology but the pedagogy that matters (p. 51)."
The fact that the results of the enhanced control condition mirrored those of the factual clicker condition in both experiments is telling. It suggests that the reason behind clicker effects, or at least a part of the reason, is that they may alert students to important information and thus lead students to focus more on that information, either in class or during study. A study by Shapiro (2009) examined this question specifically and found that clicker effects could not be explained through an attention grabbing mechanism alone. Thus, while attention grabbing may be a factor in the clicker effects observed here, it may not account for the entire phenomenon.
An important finding that we did not anticipate before the study began was the negative effect of factual clicker questions and the enhanced control condition on conceptual understanding in the problem-oriented course. This is a novel finding in the literature, as we are aware of no prior study that documents a decrease in conceptual understanding as a result of factual in-class clicker questions. We propose the emphasis on the surface level of the material in these conditions diverted students' attention from the deeper, more conceptual level of the material. This explanation is supported by the reduced magnitude of the effect among students with greater prior knowledge. For those students, prior experience with the material may have protected students by allowing them to better recognize the important, underlying meaning of the material, and how it relates to other concepts in the course. This suggestion, of course, requires validation through future investigation. The finding, however, does suggest practitioners may be well served to consider the use of nature and use of clicker questions in the context of their goals and other facets of their pedagogy.
There are important limitations to the present study that should be noted. Most importantly, the pedagogical style we examined in each course was confounded with domain of study. Thus, it is possible that the differential effects of clickers in each course may not be related to pedagogy, but to differences between biology and physics learning. While there is no empirical evidence to support systematic domain differences in clicker-assisted learning, the possibility cannot be discarded here. Also, because the courses were taught in different domains by different instructors, with different sets of students and materials, it was not possible to make direct comparisons of learning outcomes between courses. A future study that allows such direct comparisons would be an important contribution to the findings offered here. Specifically, a profitable next step will be to test whether these differences would still be apparent if problem-solving and didactic courses were compared within a discipline.
One reviewer raised the possibility that the reuse of questions between semesters may have threatened the validity of the study if students were able to obtain copies of past exams after the first semester. In the problem-oriented course, the instructor retained the target exam questions between semesters but changed the numbers, so a memorized answer from a past test would not help. Nonetheless, we calculated mean percent correct for the experimental items in each semester. In semesters 1e4, the mean percent correct on items in the problem-oriented course was almost identical, at 68, 68, 69, and 70, respectively. In the didactic course the means were 64, 64, 61, and 60, respectively, which reflects a downward trend across successive semesters. Thus it does not appear that dishonesty among students was a significant factor in the experimental outcomes.
The present study replicates many prior reports of clicker use, which demonstrated that the technology is effective for supporting factual knowledge retention in lecture-based classrooms, but also demonstrated that the effect does not always generalize to courses employing active learning strategies. It also showed that clicker use alone may not promote conceptual understanding in either lecture-based or problem-oriented courses. It is important to note that we do not suggest instructors using active learning strategies eliminate clickers from their toolbox. Clickers can still be useful as a mechanism for soliciting student input during problem-solving exercises, group discussions, or other activities. Since there were no deleterious effects of offering conceptual clicker questions in either course, the technology may be useful for promoting group discussion, attendance, or attention. There may also be ways of presenting questions, or different types of questions unexplored in this study that will prove beneficial in the future.
Our exploration of individual differences as a contributor to learning outcomes proved fruitful, as we were able to show a relationship between study strategies and learning outcomes in the didactic course. We found that the clicker questions boosted students who did not report using deep strategies to the level of the deep strategy learners on exam questions. Many students are poor at regulating their learning, having limited ability to assess what they know and what is helpful to them. We report evidence here that clicker questions may assist them in classroom environments, in which the instructor does not promote other deep learning strategies. Prior work has indicated that students who fail to use strategies directed at deep understanding often do not know how, and interventions designed to teach those skills can be very effective. This interpretation is strengthened by the nonsignificant interaction between shallow processes and the clicker conditions. That finding suggests that students who scored low on the deep processing measure were simply not engaged in deep processes that would have helped them learn. Given this result, it may be useful to explore the interaction between metacognitive skill and clicker use. Perhaps increasing students' knowledge about their own learning behavior will affect clicker-assisted learning outcomes.
Our results may be viewed as a demonstration of the constructivist framework, and of the power of active learning, in particular. We suggest that, while clickers are useful in motivating students to come to class, increasing enjoyment of the class, and enhancing rote learning in didactic courses, instructors interested in imparting deeper understanding must be mindful of their overall pedagogy. Incorporating activities that involve students in active inquiry and problem-solving may be much more helpful than simply offering clicker questions in class, even when the clicker questions are conceptual in nature. Indeed, Mazur (2009) has cautioned against using clickers in isolation without implementing other in-class and out-of-class strategies designed to impart deep understanding. It was our intention to directly test the effects of the technology when embedded in classrooms using differing pedagogies. The present study supports Mazur's claim by demonstrating that clicker use is valuable primarily in a context in which existing pedagogy does not support deep learning. By isolating clicker-targeted material from other course material, we were able to demonstrate that clickers may not measurably augment learning for students being taught in a problem-oriented learning environment, and in some cases may detract from it.
This result also supports conclusions drawn by Levesque (2011) , who found that adding clicker questions to a course that used homework assignments to provide problem-solving practice did not improve exam performance. It extends her results, however, to show that, when the in-class focus on conceptual understanding was temporarily interrupted with factual clicker questions, which focused students on surface features of the information, performance actually suffered. That a single factual question at the crucial moment in which the material was introduced in the problem-oriented course had a negative effect on conceptual understanding is an important finding. The nature, amount and timing of clicker questions may all be factors in supporting or thwarting conceptual understanding. 
APPENDIX A
The mean difference between the judges' factual and conceptual ratings in experiment 1 was less than 0.5, but the two physicists recruited for experiment 2 disagreed by as much as 3e4 points on individual items. Despite the operational definition supplied in the training materials, they became engaged in a very long and spirited discussion about what constituted a factual versus conceptual question in the discipline. Rater 2 had particular difficulty in adopting the operational definition for a conceptual item. Unable to persuade one another of their respective positions on multiple philosophical disagreements and, in spite of the instructions provided by the experimenter to use the provided operational definition as a guideline, they used different criteria to evaluate the materials and were not able to agree on the conceptual and factual designation of items.
To determine whether the conceptual items were inherently ambiguous, we brought in a third content expert to rate the materials on those scales. The third independent rater was also a physics professor with a doctorate, had years of experience teaching first and second year physics, and was given the same training as raters 1 and 2. The mean ratings of the factual items on the factual scale for raters 1, 2 and 3, respectively, were 4.7, 5.9, and 5.7. The mean was 5.5. The mean ratings for the conceptual items on the conceptual scale were 5.5, 3.6 and 6.1, respectively. The mean was 5.1. Rater 2 differed with rater 1 a mean of only 0.2 on factual items, but he differed with rater 3 by a mean of 1.3 points. He differed with raters 1 and 3 by 2.4 and 1.8 points on conceptual items, respectively. Raters 1 and 3 differed by a mean of 0.6 and 1.0 on conceptual and factual ratings, respectively. Given that all of the raters agreed on the factual items and that at least 3 of 4 physicists (three raters and the instructor) seemed to be in general agreement about what was a factual versus conceptual item, and that the items were rated as clear and of high quality, proceeded with the study using these items sets. A sample item set is provided in Fig. 1 .
